Background
Introduction
Grass pollen allergens are considered to be the most important cause of seasonal allergy worldwide. In some areas, the level of sensitization is about 20% of the general population and 40% of atopic individuals. [1] Prevalence of grass pollen allergy varies depending on climate, environmental factors such as degree of exposure, air pollution as well as genetic predisposition of the subject [2] [3] [4] .
It has been shown that most clinically relevant grasses belong to the Pooideae subfamily, although in certain climatic and geographic areas such as the Mediterranean area and areas with subtropical climate, grasses from other families, such as Bermuda grass (Cynodon dactylon; subfamily: Chloridoideae), may also play an important role. [5, 6] In the subtropical high altitude zones of Brazil, Lolium multiflorum (Italian or annual ryegrass; subfamily: Pooideae) has been shown to be a major sensitizing pollen source in patients with grass pollen allergy. [7] [8] [9] However, also other grass species, such as Anthoxanthum odoratum (sweet vernal grass; subfamily: Pooideae), Cynodon dactylon (Bermuda grass; subfamily: Chloridoideae), Holcus lanatus (common velvet grass; subfamily: Pooideae), Paspalum notatum (bahia grass; subfamily: Panicoideae) and Bromus sp (subfamily: Pooideae) occur there. Cross-reactivity studies with single and mixed natural grass pollen extracts have demonstrated a certain level of cross-reactivity between Lolium multiflorum and other grasses in this region, but the clinical relevance of this finding has not yet been investigated using recombinant allergens. [8] [9] [10] .
During the last 20 years several hundred different allergens have been produced as recombinant allergens, and component-resolved diagnosis has been used to analyze allergic patients' sensitization profiles. [11, 12] Using recombinant grass pollen allergens it has become possible to diagnose and treat grass pollen allergy. [13] [14] [15] [16] Moreover, recombinant grass pollen allergens allow to dissect sensitization profiles which are indicative of a sensitization to major grass pollen allergy subfamilies such as the Pooideae and Chloridoideae. Recombinant allergenbased diagnosis may therefore be useful to identify the culprit grass pollen allergen sources and to select appropriate allergens for specific immunotherapy (SIT). [17] Here we analyzed the allergen profile recognized by grass pollen allergic patients from Brazil using 103 micro-arrayed purified allergen molecules using the Immuno Solid-phase Allergen Chip (ISAC). Our results revealed a predominant Pooideae-type of sensitization. We then investigated the level of cross-reactivity between timothy grass, Italian rye grass pollen extract and a recombinant fusion protein consisting of the four major timothy grass pollen allergens (Phl p 1, Phl p 2, Phl p 5 and Phl p 6) to evaluate the potential usefulness of recombinant timothy grass pollen allergens for diagnosis and treatment in the temperate climate zones of Brazil. [18] Grant to RV. URL: http://www.biomay.com/; Christian Doppler Laboratory for Allergy Research to RV. URL: https://www.cdg.ac.at/. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.
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Methods Patients
Sera from seventy-eight grass pollen allergic patients were analyzed. Subjects represented consecutive patients who attended the allergy clinic of Dr. Francisco Vieira, in Caxias do Sul, Southern Brazil, which treats allergic patients suffering from allergic asthma and allergic rhinitis. Patients were routinely skin prick tested with the following panel of inhalant allergens: Grasses (mix); Dermatophagoides pteronyssinus, Dermatophagoides farinae, Blomia tropicalis, and Lolium multiflorum during their first assessment in the allergy clinic. All study patients were selected according to a positive case history indicative of seasonal allergic rhinitis, allergic conjunctivitis and/or allergic asthma during the grass pollen season and positive skin prick tests (wheal diameter 3mm) to grass pollen (Lolium multiflorum skin prick test (= SPT) 100% positive, Grasses (mix) SPT 100% positive). The grass pollen season in Caxias do Sul shows peak grass pollen counts in November, ranging from 512 to 949 grains per m 3 /air [19] .
Prevalence of mite sensitivity among the seventy-eight patients according to the SPTs was Dermatophagoides pteronyssinus:45%, Dermatophagoides farinae: 27%, Blomia tropicalis: 29%. None of the subjects had received immunotherapy against grass pollen allergens. After written informed consent had been given, serum samples were collected and skin prick tests were performed in each subject. Serum samples were stored at -20°C until use.
The study was approved by the Ethical Committee in Human Research at the Federal University of Uberlândia and anonymized serum samples were analyzed with approval of the Ethics Committee of the Medical University of Vienna. A summary of the demographic and clinical data from the 78 grass pollen allergic patients is shown in Table 1 .
Grass pollen extracts, recombinant and natural allergens
Lolium multiflorum pollen was purchased from Greer Laboratories (Lenoir NC, USA). Phleum pratense pollen was purchased from Allergon (Välinge, Sweden). Pollen protein extracts were prepared by homogenizing 1g pollen in 50 ml of distilled water, containing 2mM phenylmethansulfonylfluorid (= PMSF) using an ultraturrax (Ika, Heidelberg Germany) and extraction of the homogenate overnight at 4°C under continuous shaking. Homogenates were centrifuged at 10.000xg for 15 min at 4°C to remove insoluble particles. Supernatants were frozen in liquid nitrogen as 1ml aliquots, lyophilized and stored at -20°C until use. Lyophilized extracts were resuspended in 220μl water and the protein content and the quality of the protein extracts was analyzed by sodium dodecyl sulphate polyacrylamide gel electrophoresis (= SDS-PAGE) and Coomassie blue staining. The protein concentration was determined with the bicinchoninic acid (= BCA) Protein Assay kit (Novagen, Merck Millipore, Billerica, USA). rPhl p 6251, a fusion protein [16] consisting of the four major timothy grass pollen allergens (Phl p 1, Phl p 2, Phl p 5, Phl p 6), as well as recombinant allergens (rBet v 1, rPhl p 1, rPhl p 2, rPhl p 5, rPhl p 6, rPhl p 12) were obtained from Biomay (Vienna, Austria). Purified natural Phl p 4 was obtained from Allergopharma (Reinbek, Germany). [20] Immunoblots Grass pollen extracts were separated by preparative SDS-PAGE and blotted onto nitrocellulose. [21] Nitrocellulose-blotted allergen extracts were probed with rabbit antibodies specific for grass group 1, 4, 5, 6, 7, 12 or 13 allergens diluted 1:5000 in buffer A [50mM Na phosphate, pH 7.5, 0.5% w/v bovine serum albumin (BSA), 0.5% v/v Tween 20, 0.05% NaN 3 ]. The antibodies had been produced by immunization of rabbits with recombinant Phleum pratense allergens (Biomay, Vienna, Austria; immunization by Charles River, Kisslegg, Germany). Bound rabbit antibodies were detected using a iodine 125 (= 125 I)-labeled goat anti-rabbit IgG antibody (Perkin Elmer, USA) diluted 1:3000 in buffer A. Group 2 allergens were detected using a human monoclonal anti-Phl p 2 antibody at a concentration of 0.1μg/mL (mAb2) [22] followed by incubation with a mouse monoclonal anti-human IgG 1 (BD Biosciences, San Jose, California, USA) and detection with a 125 I-labeled goat anti mouse IgG antibody (PerkinElmer, Inc., San
Jose, California, USA) diluted 1:500. Bound antibodies were visualized by autoradiography using KODAK X-OMAT films and intensifying screens (Kodak, Heidelberg, Germany).
IgE reactivity to micro-arrayed allergens-ISAC
Chips containing micro-arrayed natural and recombinant allergens (Immuno-Solid phase Allergen Chip, ISAC, Thermofisher/Phadia, Uppsala, Sweden) were used to detect IgE antibodies specific for 103 different recombinant or purified natural allergens. The version of the ISAC chip used for this study contained 9 different timothy grass pollen allergens (rPhl p 1, rPhl p 2, nPhl p 4, rPhl p 5, rPhl p 6, rPhl p 7, rPhl p 11, rPhl p 12) and the Bermuda grass pollen allergen (nCyn d 1). The allergen repertoire of the used ISAC chip is detailed in Table 2 . The assay was performed according to the manufacturer´s instructions.
IgE-ELISA competition experiments
Enzyme-linked immunosorbent assay (= ELISA) plates (Nunc Maxisorb, Roskilde, Denmark) were coated with Lolium multiflorum pollen extract (50 μg/ml) in carbonate buffer and incubated overnight at 4°C. Plates were washed three times with phosphate-buffered saline containing 0.05% Tween (PBS-T), blocked with PBS-T containing 2% BSA (PBS-T-BSA) for 4 hours at room temperature and then washed three times with PBS-T. For ELISA inhibition experiments, sera from all 78 grass pollen allergic patients were diluted 1:10 in PBS-T-BSA (control) or in PBS-T-BSA containing 100 μg/ml of Lolium multiflorum extract, 150 μg/ml of Phleum pratense extract, or 20 μg/ml of Phl p 6251 (Biomay, Vienna, Austria). The concentrations of the pollen extracts were determined in pilot experiments to ensure antigen excess. Bet v 1, the major birch pollen allergen, was used at 10 μg/ml for pre-incubation as a control (unrelated allergen). Sera were pre-adsorbed at 4°C overnight, plates were incubated with 100μl/well of the pre-adsorbed sera at 4°C overnight. After five washing steps, bound IgE was detected with horseradish peroxidase (= HRP)-coupled goat anti-human IgE (KPL, Washington, DC, USA) for 1 hour at 37°C, and 1 hour at 4°C., and 2,2'-Azinobis [3-ethylbenzothiazoline-6-sulfonic acid]-diammonium salt (= ABTS) was used as color substrate. The optical density was determined with an ELISA reader. All determinations were carried out in duplicates yielding mean values with less than 10% SD. The percentage of IgE binding inhibition was calculated as follows: [1-(OD with inhibition /OD without inhibition )] x 100.
IgE immunoblot inhibition experiments
IgE immunoblot inhibition experiments were performed with sera from patients whose IgE reactivity to Lolium multiflorum extract was poorly inhibited with Phleum pratense pollen extract. Sera were diluted 1:15 in buffer A and pre-incubated for 4 hours at room temperature with recombinant allergens (mix of rPhl p 1, rPhl p 2, rPhl p5, rPhl p 6 or a mix of purified Phl p 4 and Phl p 12: 20μg/ml each) or with 150μg/ml of Phleum pratense or Lolium multiflorum pollen extracts, or for control purposes, with buffer A alone. Nitrocellulose-blotted pollen extracts were blocked for 2 hours at room temperature, and after a washing step, incubated with the pre-adsorbed sera overnight at 4°C. After four washing steps, bound IgE antibodies were detected with iodine 125 ( 125 I)-labeled anti-human IgE antibodies (RAST; Demeditec Diagnostics, Kiel, Germany), diluted 1:20 in buffer A, and visualized by autoradiography with KODAK X-OMAT films and intensifying screens (Kodak, Heidelberg, Germany) at -70°C.
Results

Grass pollen allergic Brazilian patients show an IgE reactivity profile typical for Pooideae sensitization
Almost all of the grass pollen allergic Brazilian patients (n = 78) suffered from seasonal allergic rhinoconjunctivitis due to grass pollen exposure and each of them showed positive SPT results with Lolium multiflorum whereas only two patients presented exclusively with asthma as a symptom. (Table 1 ) When their sera were analyzed for IgE reactivity to the 103 different micro-arrayed allergens on ISAC we found that they predominantly reacted with grass pollen allergens (Fig 1) . The sensitivity of ISAC was high because out of 78 patients who showed positive SPT to Lolium multiflorum pollen extract, 77 patients were diagnosed as grass pollen allergic patients using the grass pollen allergens on ISAC. The most frequently recognized allergens were Phl p 1 (95%), Cyn d 1 (85%), Phl p 5 (82%), Phl p 2 (76%), Phl p 4 (64%) and Phl p 6 (45%). Phl p 1 was not only recognized by more patients than Cyn d 1, but also Phl p 1-specific IgE levels were significantly higher than Cyn d 1-specific IgE levels (p<0.001; paired t-test) (Fig 2) . Fewer patients had IgE-antibodies to profilin (Phl p 12; 18%) and Phl p 11 (18%) and none was sensitized to the cross-reactive 2 EF-hand calcium binding allergen, Phl p 7. Interestingly, we found that the Brazilian grass pollen allergic patients showed only few concomitant sensitizations to other important allergens, to the extent that they were represented on the ISAC chip. For example, not more than ten of them reacted with the major house dust mite allergens, Der p 1 and Der p 2, respectively. The major cat allergen Fel d 1 and the major dog allergen Can f 1 were recognized by six and by two patients, respectively. Two patients reacted with the major Alternaria allergen Alt a 1 and none of the patients reacted with the major ragweed allergen Amb a 1, the major birch pollen allergen Bet v 1 or the peanut allergen Ara h 2.
Phleum pratense and Lolium multiflorum contain a similar spectrum of allergens and show extensive IgE cross-reactivity
We analyzed the allergen profile of Lolium multiflorum, the predominant grass in the area where the patients lived. Using a panel of allergen-specific probes we detected group 1, 2, 4, 5, 7, 12 and 13 allergens but not group 6 allergens in Lolium multiflorum extract (data not shown). To determine the level of cross-reactivity of IgE epitopes between allergens in Lolium multiflorum and Phleum pratense pollen extracts, ELISA inhibition experiments with Lolium multiflorum on the solid phase were performed. The level of auto-inhibition (i.e., pre-adsorption of sera with Lolium multiflorum extract) was 89±7% on an average (Fig 3, left panel) . Incubation of sera with Phleum pratense extract inhibited IgE binding to Lolium multiflorum extract by 59±15% on an average (Fig 3, middle panel) . When the sera were pre-adsorbed with the rPhl p 6251 fusion protein consisting of Phl p 1, Phl p 2, Phl p 5 and Phl p 6, the mean inhibition was 51±18% (Fig 3, right panel) . The level of cross-reactivity between Phleum pratense and Lolium multiflorum was 66.3% and 57% of Lolium multiflorum IgE epitopes were represented on the single fusion protein, rPhl p 6251.
Few patients show IgE reactivity to moieties in Lolium multiflorum pollen extracts which do not cross-react with Phleum pratense
IgE reactivity in six of the 78 grass pollen allergic patients to Lolium multiflorum, representing 7.7% of the study population, was poorly inhibited with Phleum pratense extract (<10%). Representative IgE immunoblot inhibition experiments from three patients are shown in Fig 4. Immunoblot inhibition results revealed two bands of approximately 30 and 50 kDa in Lolium multiflorum extracts which were only partly cross-reactive (Fig 4) . 
Discussion
In the present study we analyzed a population of grass pollen allergic patients from Southern Brazil, who are exposed to a variety of grasses, which differ from those usually encountered in Europe or North America. These patients were exposed to grasses belonging to the Pooideae mainly represented by Lolium multiflorum but also to members of the subfamily Chloridoideae such as Bermuda grass. The spectrum of allergens in these two subfamilies differs fundamentally. Chloridoideae mainly contain group 1, 4 and 13 allergens but lack group 2, 5 and 6 allergens, which are present in the Pooideae. [14] Group 6 allergens have been found mainly in timothy grass and Kentucky Bluegrass but are absent from many other members of the Pooideae. [23] The determination of the IgE reactivity profiles in the Brazilian grass pollen allergic patients with ISAC, a chip containing more than 100 micro-arrayed allergens revealed that Phl p 1 (95%) and Phl p 5 (82%) the group 1 and 5 allergens from timothy grass, Cyn d 1 (85%) from Bermuda grass and the group 2 allergen from timothy grass, Phl p 2 (76%) were the most frequently recognized grass pollen allergens. This IgE reactivity profile is highly indicative of a sensitization to Pooideae, which is in accordance with the fact that Lolium multiflorum a member of the Pooideae is abundant in this area. A primary sensitization to Bermuda grass and tropical grasses is unlikely because Phl p 1 was more frequently and more strongly recognized than the Bermuda grass allergen, Cyn d 1. However, 45% of the patients reacted with Phl p 6, a group 6 allergen which so far has not been detected in Lolium multiflorum. In fact, using group 6 allergen-specific antibodies, we showed that no group 6 allergen was present in Lolium multiflorum pollen extract. The recognition of Phl p 6 in the Brazilian population is therefore most likely due to cross-reactivity with group 5 allergens: In fact it has been shown, that there is a high degree of sequence homology between group 6 and the N-terminal portions of the group 5 allergen. [23, 24] The observed molecular IgE reactivity profile therefore strongly suggests that primary sensitization in the investigated population occurred to Lolium multiflorum. Despite this, all but one of the 78 grass pollen allergic patients could be diagnosed by IgE serology using the micro-arrayed timothy grass pollen allergens, indicating that this panel is useful for diagnosis of grass pollen allergy in the Brazilian population. Another interesting side aspect of the analysis of IgE reactivity profiles in the Brazilian grass pollen population was the finding that these patients showed only few concomitant sensitizations to other important respiratory allergen sources such as pets, moulds, weeds and trees as well as food allergen sources when analysed using the ISAC chip and in this respect seem to differ substantially from grass pollen allergic patients in Europe and America [25] . This finding is interesting because the grass pollen allergic patients included in this study had not been pre-selected to be mono-sensitized to grass pollen but were consecutively recruited in the clinic. The lack of some of the above mentioned sensitizations may be explained by the absence of certain allergen sources such as birch, ragweed and mugwort.
We also found a smaller percentage of house dust mite sensitization in our study population using the ISAC assay: Der p 1: 9/78 = 11.5%; Der p 2: 10/78 = 12,8%; Der f 1: 4/78 = 5.1%; Der f 2: 10/76 = 13,1% than was found in the initially done SPTs, where the patients showed the following results: Dermatophagoides pteronyssinus (45% positive), Dermatophagoides farinae (27% positive) and Blomia tropicalis (29% positive). Given the well-known high prevalence of sensitization to house dust mite in Brazil, especially in the South-East region [26, 27] , the observed discrepancy between SPT results and ISAC assay results as far as mite allergens are concerned may be due to the fact that the study population is sensitized to other house dust mite
allergens not yet present on the ISAC chip such as Der p 23, and/or allergens from tropical mites, which are also not yet fully represented on the chip [28] [29] [30] .
In terms of clinical symptoms only very few patients presented with mild to moderate asthma during the pollen season (September-December). However, this is in keeping with the general prevalence of asthma of about 10% in this region.
When we measured the level of cross-reactivity between Lolium multiflorum and timothy grass pollen extract in our population in ELISA experiments, we found a considerable level of IgE cross-reactivity (66.3%) between the two extracts. Even pre-incubation with a single recombinant fusion protein, which carries IgE epitopes from Phl p 1, Phl p 2, Phl p 5 and Phl p 6, led to substantial inhibition of IgE binding to Lolium multiflorum extract.
To the best of our knowledge our study represents the first published dissection of allergen sensitization to multiple micro-arrayed allergens in a population from South America. One limitation of our study is that we could analyse only patients from one area in Brazil but nevertheless our results indicate that recombinant Phleum pratense allergens can be used to diagnose grass pollen allergy in this population living in subtropical high altitude zones of Brazil, even though Lolium and not Phleum represents the most abundant grass pollen species in this area.
In fact, it has been shown that a mix of recombinant timothy grass pollen allergens (i.e., rPhl p 1, 2, 5 and 6) could be used for successful immunotherapy in a European population [16] . Our study indicates that at least in the tested population a similar mix may be used for specific immunotherapy and thus provides information regarding the composition of grass pollen allergy vaccines required for the investigated population.
